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Abstract: In this study, we report the photoresponse of vertically aligned few-layered 
graphene (VAG) upon infra-red (IR) irradiation at room temperature. Four probe 
measurements showed the current–voltage (I–V) characteristic of electrical switching 
during pulsed IR irradiation. The photoresponse reported here for VAG was significantly 
higher than that reported for carbon nanotube (CNT) samples. Our investigation shows 
that such a photoresponse arose solely from the bolometric effect, where the conductivity 
changed with temperature. The resistance magnitude of the VAGs increased ~two fold 
for each 6 °C increase in temperature. Also, the Thermal Coefficient of Resistance (TCR) 
in this region was ~11%/K, which is the highest TCR value reported for any carbon 
nanomaterial. 
 
1. Introduction 
Among the carbon materials, carbon nanotubes (CNTs) have already proven to be a 
very useful material for infrared (IR) photoresponse. Several reports have confirmed that 
both the single-walled carbon nanotubes (SWNT) and the multi-walled carbon nanotubes 
(MWNT) have an obvious response to IR irradiation. For instance, Itkis et al. have shown the 
sensing of IR by a suspended CNT network at a cryogenic temperature in a vacuum [1]. An 
IR photoresponse has also been reported for individual isolated CNT or CNT–polymer 
composites, even at room temperature and with normal pressure [2–4]. However, there has 
been debate over whether the origin of the photoresponse in CNTs is due to (1) 
photo-induced excitons, (2) interband transition or (3) the bolometric effect. M. Freitag et al. 
[5] had shown that IR radiation can generate excitons or bound electron–hole pairs in CNT 
which can be separated by applying an electric field and can contribute to a photoresponse. 
M. E. Portnoi et al. [6] theoretically predicted that IR can be absorbed or produced by 
interband transition, generating free electron–hole pairs in CNT. Results have also shown 
that IR radiation can be absorbed by the direct band gap of semiconducting CNT [7]. 
However, the majority of reports suggest that the photoresponse of CNT arises from the 
bolometric effect, where the conductivity of CNT decreases with an increase in temperature 
due to electron–phonon interaction [1,8,9]. For semiconducting CNT, an increase in 
conductivity due to an increase in thermally generated carrier concentration can also result 
from the bolometric effect [2,4]. The bolometric response is not very strong for CNT samples 
in normal condition, thus efforts have also been made to improve the performance of the 
bolometer by using cryogenic-stage polymer composite with CNT or by using a vacuum, 
which reduces the thermal cross-linking of the samples [1,3]. It should be noted that in the 
bolometric response, the change in the resistance values is due to the thermal effects and 
not to photo-excited holes and electrons. Graphene has already proven to be a very 
promising nanomaterial for applications in nanoelectronics and for use as a nanofiller, like its 
ancestor, carbon nanotube [10–17]; however, its photoresponse character is an ongoing 
problem. Efforts were also made to investigate a similar opto-electronic response in 
 graphene and its derivatives. For instance, Xia et al. have shown ultrafast photodetection on 
graphene in a wideband range [18]. The optical coupling of graphene was improved by 
introducing a silicon-on-insulator (SOI)-like waveguide architecture [19,20]. Reports were 
also made on the photothermoelectric effect of the graphene–metal junction as the possible 
origin of the photoresponse in graphene [21,22]. Recently, graphene has been 
demonstrated as a hot-electron bolometer at cryogenic temperatures [23,24]. It has been 
reported that at a cryogenic temperature, the bilayer graphene can show a 
temperature-dependent electrical conductivity response by tuning the bandgap through the 
gate voltage [23]. In another recent report, a bolometric response was also found in highly 
disordered graphene due to the divergence of resistance at a low temperature [24]. Despite 
having superior metallic behaviors, such as high conductivity and high electron mobility, the 
main obstacle to the use of graphene as a bolometer at a non-cryogenic temperature is its 
poor electron–phonon coupling. However, theoretical prediction based on the 
defect-induced “supercollision” of electron–phonon pairs has paved a path towards 
developing a graphene-based bolometer which is possibly workable at non-cryogenic 
temperatures; this is yet to be verified experimentally [25]. 
In this work, we have thoroughly investigated the IR photoresponse of vertically aligned 
graphene (VAG) at a normal room temperature and have reported an enhanced IR 
photoresponse in comparison with reports on the photoresponse of CNT. Here, we report a 
swift electrical switching behavior which is due to the photoresponse of the graphene 
samples in pulsed IR irradiation. Our investigations indicate that the photoresponse of our 
graphene samples arises solely from the bolometric effect and is not due to the generation of 
excitons or interband transition photoconductivity. The advantage of the VAGs lies in their 
higher surface area and unique band structure, which results in a considerably higher 
response to IR irradiation than was reported in the CNT samples. 
2. Materials and Methods 
The synthesis of the VAG samples was carried out in a Microwave Plasma-Enhanced 
Chemical Vapour Deposition (MPECVD) system. The system used a 1.5 kW, 2.45 GHz 
microwave power source. Heavily doped Si substrates (Sigma Aldrich, City, Country) with a 
~300 nm SiO2 layer were initially heated to 900 °C in a vacuum for cleaning, then subjected 
to nitrogen plasma at 650 Watts power and 40 Torr. The growth of the VAG was initiated by 
introducing CH4 into the chamber with a CH4/N2 gas flow in the ratio of 1:4. During the 
growth, the microwave power was raised to 800 W and maintained during the growth period 
of 60 s. The samples were then allowed to cool down under a constant N2 flow. Further 
details of the experimental setup can be found in our earlier reported works [26–29].  
Four probe measurements were carried out on the VAG sample upon IR irradiation 
using a Keithley 220 current source and a Keithley 2182 nanovoltmeter. A confocal 
microRaman spectrometer (Jobin Yvon, City, Country, model: HR800) was used to 
characterise the CNT and graphene at room temperature. It uses a 20 mW, 514.5 nm Ar+ 
laser with a typical resolution of 0.5 cm−1. Scanning electron microscopy (SEM) and 
high-resolution transmission electron microscopy (HRTEM) were carried out in the 
Jeol-6390 (Producer, City, Country) and JSM-2010F (Producer, City, Country) setups. The 
bolometric measurements were done on the VAG graphene film at room temperature (293 
K). The schematic diagram of the experimental setup for the bolometric measurements is 
shown in Figure 1. Silver paste was used to improve the contact of the probes with the VAG. 
We used a 200 W IR Philips lamp to irradiate the VAG, which was placed at a distance of 30 
cm from the top of the sample. The incident IR radiation power on the sample was ~6 
mW/mm2 and was measured by a calorimetric technique. We used a Cr–Al thermocouple to 
measure the real-time temperature of the VAG sample. The thermocouple was directly in 
contact with the VAG instead of being placed in the sample base, and we carried out 
simultaneous measurements of the resistance change and the temperature response of the 
VAG.  
  
Figure 1. Schematic diagram of the experimental setup for the bolometric 
measurements. IR: infrared. 
3. Results and Discussion 
Figure 2a shows the SEM images of the grown VAG samples. It is evident that the 
samples were vertically aligned and the graphene platelets had a curved structure and 
intercalated randomly to form a mesh-like network. The size of the platelets varied from 
~100 nm to ~2 μm. The platelet tip consisted of 5–10 layers of graphene, while the base of 
the platelet was thicker, perhaps consisting of 10–20 layers [26–29]. These nanoflakes were 
essentially vertically stacked two-dimensional graphene sheets growing from the underlying 
substrate and terminating into open graphitic-edge planes. Previous characterisations 
including electron microscopy, X-ray diffraction and Raman spectroscopy have conclusively 
proved that the synthesized structures are made up of highly graphitized sheets with a few 
layers of graphene on the edges. An in-depth explanation of the structure and the 
corresponding growth mechanism can be found in our earlier works [26–29]. This unique 
morphology is a cumulative effect of the internal stress-inducing factors and electrical 
self-bias field which is imposed on the substrate surface from the plasma environment 
[30,31]. The advantage of such a vertical architecture of graphene, particularly in 
opto-electronic applications, is that the effective surface area is superior throughout all 
direction of incident radiation on the VGA film, which in turn offers a higher absorption of the 
radiation when compared with a graphene film with planar architecture.  
 
Figure 2. (a,b) Scanning electron microscopy (SEM) images of the graphene 
sample, showing intercalated graphene flakes, entangled in a vertical direction, 
perpendicular to the sample surface. (c) Raman spectra of the vertically aligned 
graphenes (VAGs) showing sharp G and 2D peaks, including a low-intensity D 
peak. 
 The typical Raman spectra of graphene and few-layered graphene-like systems exhibit 
at least three to four major bands, denoted as D (~1330 cm−1), G (~1580 cm−1), D′ (~1620 
cm−1) and G′ (~2660 cm−1) [26–31]. As seen in Figure 2c, all these bands were clearly 
distinguished and observed for the VAG samples. The Raman spectra were further 
analysed for their band shape and full-width at half-maximum (FWHM) parameters, in 
accordance with our previous work, using Lorentzian peak shapes for D, G and G′ (2D) 
bands, and a Gaussian peak for the D′ band [26–31]. While the low FWHM (~25 cm−1) of the 
G band is indicative of a high degree of graphitisation, the narrow FWHM of the G′ (2D) band 
along with the absence of a graphitic shoulder is further confirmed as one of the indicators of 
a few-layered graphene (FLG) system (Figure 2) [28–31]. In our studies, the FWHM of the G′ 
band was around 43.3 cm−1, lying within the range of 35–50 cm−1 observed for few-layered 
graphene systems [26–31]. For the qualitative analysis of carbon nanostructures, the value 
of ID/IG is considered as the quality factor and ideally, for highly oriented pyrolytic graphite 
(HOPG), this value should be zero. For FLG nanoflakes, the value of ID/IG obtained was 
around 0.65. Since the graphene platelets are vertically aligned in nature, the Raman signal 
mostly originates from the edges of the graphene, which could be the reason for such an 
intense 2D peak in the Raman spectrum. The apparent high value of ID/IG is caused by the 
high density of flakes and associated large number of edges which predominantly contribute 
towards the rise of the defect peak [30,31]. 
In Figure 3, the current–voltage (I–V) characteristics of the sample in normal conditions 
(at 293 K normal day light) and upon IR irradiation can be observed. Under normal 
conditions, the I–V curve shows highly linear characteristics, which confirms the existence of 
a perfect ohmic contact on the graphene sample, with no change occurring in the contact 
resistance values throughout the experiments (see Figure 3a). The corresponding 
resistance recorded at the normal condition was ~1.8 KΩ. 
 
Figure 3. (a) Current–voltage (I–V) characteristics of VAGs in the normal condition. 
(b) Electrical switching characteristics for pulsed infra-red (IR) irradiation. 
To examine the photoresponse of the VAG sample, we measured the voltage response 
upon periodic irradiation of IR on the sample at a constant current (~2 mA) in the circuit. 
Figure 3b shows the switching characteristic of the photoresponse due to periodic IR 
irradiation with a 60 s pulse and a 90 s interval. Such long duration pulses were kept to 
record the saturation and the baseline behavior of the response. When the IR was switched 
on the resistance increased rapidly to saturation, and when the IR was switched off, the 
resistance returned to baseline with a sharp drop. The plot shows that the baseline and the 
saturation line are almost parallel, indicating that the changes were solely due to 
photoexcitation and not to any change in contact resistance. The response time for the 
enhancement of the resistance from the baseline to saturation was ~5 s. Such a high 
response time and increase in resistance upon IR irradiation can occur only from a 
bolometric photoresponse [8,9,32–34]. In the case of a photoresponse arising from excitons 
 or from photoconductivity via the interband transition, the response time is expected to be 
much lower (range within 10−9 to 10−15 s), and more importantly, the resistance decreases 
upon IR irradiation [34]. The normalised resistance 𝑅/𝑅1 (𝑅 being the actual resistance, 
and 𝑅1  the maximum resistance during saturation) was enhanced—twofold in the 
bolometric measurement at room temperature, which is quite remarkable. The sensitivity of 
the bolometer is defined as 
𝑠 =
𝑅𝑠𝑎𝑡 − 𝑅𝑏𝑎𝑠𝑒 
𝑅𝑏𝑎𝑠𝑒
∗  100% (1) 
where 𝑅𝑠𝑎𝑡 is the saturation resistance, and 𝑅𝑏𝑎𝑠𝑒 is the base line resistance. In most of the 
previous reports on the photoresponse of CNT, this sensitivity (𝑠) was measured to be within 
the range of 0.01% to 30%, even when measured at cryogenic temperatures [1,3,4]. In 
contrast, in our case, it can be clearly noticed in Figure 3b that the normalised resistance 
increased dramatically from its initial value of 0.5 to 0.96 at saturation, offering sensitivity (𝑠) 
~92%, despite using a radiation power similar to that used in previous reports on the CNT 
bolometric response. Such a high range in resistance variation due to the bolometric 
response can facilitate the detection of very small differences in temperature, which could be 
very useful for new-generation bolometric device applications. To further investigate the 
behavior of the bolometric photoresponse of the VAG samples, we recorded the resistance 
change occurring for different pulse durations (5 s, 10 s, 20 s, 30 s, 40 s and 50 s) of IR 
irradiation. Figure 4 shows the changes in normalised resistance (𝑅/𝑅1) for different pulse 
durations and the corresponding temperature of the VAG, measured by the thermocouple, 
which was directly in contact with the VAG surface. For the 5 s pulse, the normalised 
resistance just reached the saturation region, whereas for higher time duration pulses, the 
saturation regions were well established. It was found from each plot that the normalised 
resistance varied with time (t) exponentially during heating (Equation (2)) and cooling 
(Equation (3)) as: 
𝑅
𝑅1
= 𝑢 − 𝑣𝑒𝑤.𝑡 (2) 
𝑅
𝑅1
= 𝑎 + 𝑏𝑒𝑐.𝑡 (3) 
where 𝑢, 𝑣, 𝑤 and 𝑎, 𝑏, 𝑐 are positive constants. Also with higher duration IR pulses (30 s 
onwards), it was clearly noticed that the resistance periodically fluctuated in the saturation 
region, which might be due to the periodic fluctuation of temperature at steady state. It was 
also noticed that during cooling, the normalised resistance of the VGA film did not regain its 
original resistance immediately, which was possibly due to the combined effect of 
capacitance within the graphene flakes and isothermal cooling. Such an effect was 
prominent for longer pulses and died out with time. It is quite clear from the figure that the 
resistance varied in a similar fashion to the temperature of the sample (i.e., reading from the 
thermocouple in contact with the sample surface), thereby confirming our argument that the 
photoresponse observed for these VAG samples was bolometric in nature. According to the 
thermocouple reading, the steady-state temperature was ~(31 ± 1) °C. The major difference 
between the temperature curve and the resistance curve was that the resistance curve 
approached saturation much faster than the temperature curve, indicating that the VAG 
bolometer has a higher response than the thermocouple. 
To get a clear view of the temperature dependence of the VAG resistance, we plotted 
the hysteresis loop (Figure 5) of normalised resistance vs the thermocouple reading for the 5 
s IR pulse. The 5 s pulse was chosen to avoid the steady-state saturation region and to get 
the response only during cooling and heating. At room temperature, both the heating and 
cooling curve showed a nonlinear response of resistance to temperature, although at a low 
temperature and for short-range temperature changes, the response could be considered 
linear. During heating, the normalised resistance rises rapidly when in the low-temperature 
 region, however, as the temperature increases, the rate of increase becomes slower and 
approaches a steady-state following the exponential function: 
𝑅
𝑅1
= 𝛼 − 𝛽exp (−𝛾 × 𝑇)  (4) 
where 𝛼 = 0.87, 𝛽 = 322,887, 𝛾 = 0.63 and 𝑇 is the temperature (in °C). The scenario 
reverses during the cooling and it obeys the function: 
𝑅
𝑅1
= 𝑥 + 𝑦 exp(𝑧 × 𝑇) (5) 
where 𝑥 = 0.50, 𝑦 = 8.9 × 10−12 and 𝑧 = 1.06. The rate of change in resistance with 
temperature (
𝑑𝑅
𝑑𝑇
) is positive for the heating curve and shows negative values for the cooling 
curve, which is expected for a bolometric photoresponse and is indicative of the metallic 
behavior of the VAGs. One of the most important parameters for measuring the bolometric 
response is the Thermal Coefficient of Resistance (TCR) which is defined as 
𝑇𝐶𝑅 =  
1
𝑅
∆𝑅
∆𝑇
 (6) 
and is the normalised change in resistance with temperature. Materials with a larger TCR 
are preferred for a bolometric application; for better responsivity, it is desirable to have a 
higher resistance change with a small change in temperature. TCR values were calculated 
from the simultaneous measurements of the temperature and resistance (Figure 4) of the 
VGA film by a source meter and a thermocouple, as shown in the schematic of Figure 1. The 
TCR of the VAG bolometer was calculated from the heating curve of the hysteresis loop; 
while temperature rose from 18 to 23 °C, the TCR was ~11%/K, significantly higher than in 
previous reports of TCR on MWNT with a number of layers <10, which showed a value in the 
range of 0.01–3%/K [1,3,4]. 
 
Figure 4. (a–f) Change in the normalised resistance and temperature of the VAGs 
with time for different duration (5 s, 10 s, 20 s, 30 s, 40 s and 50 s) of IR pulses in 
respective graphs. 
  
Figure 5. Bolometric hysteresis loop for the normalised resistance of VAGs. 
TCR can show higher values for lower temperature ranges as the temperature moves 
away from the steady-state temperature and the slope of the heating curve increases. The 
high values of measured TCR for the VAG samples can be attributed to the higher effective 
surface area of the graphene when compared with the CNT. The graphene samples will 
have a higher flux of IR radiation, especially the VAG (due to their alignment), than the CNT. 
It could also be anticipated from previous reports [1,3] that the TCR could be improved 
further at a cryogenic temperature or by arranging thermal isolation through a vacuum for 
the VAG sample, which could pave a path towards the development of next-generation 
bolometric sensors. 
4. Conclusions 
In conclusion, the VAG samples showed a significant photoresponse when compared 
with reported CNT. The I–V characteristic of electrical switching was noticed upon pulsed IR 
irradiation, leading to a two-fold increase from the base value to the saturation value in the 
resistance, owing to the bolometric effect. The resistance of the sample varied in a similar 
fashion to the temperature of the sample. The hysteresis of the VAG’s resistance showed 
that the TCR was ~11%/K for a temperature increase from 18 °C to 23 °C, which is the 
highest value recorded for carbon nanomaterials. The large surface area, catalyst-free 
synthesis technique and strong adhesion to the substrate give VAGs a greater advantage 
for bolometric applications. 
References 
1. Itkis, M.E.; Borondics, F.; Yu, A.; Haddon, R.C. Bolometric Infrared Photoresponse of 
Suspended Single-Walled Carbon Nanotube Films. Science 2006, 312, 413–416. 
2. Pradhan, B.; Setyowati, K.; Liu, H.; Waldeck, D.H.; Chen, J. Carbon Nanotube-Polymer 
Nanocomposite Infrared Sensor. Nano Lett. 2008, 8, 1142–1146. 
3. Lu, R.; Shi, J.J.; Baca, F.J.; Wu, J.Z. High Performance Multiwall Carbon Nanotube 
Bolometers. J. App. Phys. 2010, 108, 084305. 
4. Rao, F.; Liu, X.; Li, T.; Zhou, Y.; Wang, Y. The Synthesis and Fabrication of Horizontally 
Aligned Single-Walled Carbon Nanotubes Suspended across Wide Trenches for 
Infrared Detecting Application. Nanotechnology 2009, 20, 055501. 
5. Freitag, M.; Martin, Y.; Misewich, J.A.; Martel, R.; Avouris, P. Photoconductivity of 
Single Carbon Nanotubes. Nano Lett. 2003, 3, 1067–1071. 
6. Portnoi, M.E.; Kibis, O.V.; Costa, M.R.D. Terahertz Emitters and Detectors based on 
Carbon Nanotubes, Proc. SPIE 2006, 6328, 632805. 
7. Dresselhaus, M.S.; Dresselhaus, G.; Avouris, P. Carbon Nanotubes: Synthesis, 
Structure, Properties, and Applications; Springer-Verlag: Berlin, Germany, 2001; 
Volume 80. 
 8. Maine, S.; Koechlin, C.; Fleurier, R.; Haidar, R.; Bardou, N.; Dupuis, C.; Attal-Trétout, 
B.; Mérel, P.; Deschamps, J.; Loiseau, A.; et al. Mid-infrared Detectors Based on 
Carbon Nanotube Films. Phys. Status Solid C 2010, 7, 2743–2746. 
9. Tarasov, M.; Svensson, J.; Kuzmin, L.; Campbell, E.E.B. Carbon Nanotube Bolometers, 
App. Phys. Lett. 2007, 90, 163503. 
10. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. 
Superior Thermal Conductivity of Single-Layer Graphene. Nano Lett. 2008, 8, 902–907. 
11. Rafiee, M.A.; Rafiee, J.; Wang, Z.; Song, H.; Yu, Z.-Z.; Koratkar, N. Enhanced 
Mechanical Properties of Nanocomposites at Low Graphene Content. ACS Nano 2009, 
3, 3884–3890. 
12. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, 
I.V.; Dubonos, S.V.; Firsov, A.A. Two-Dimensional Gas of Massless Dirac Fermions in 
Graphene. Nature 2005, 438, 197–200. 
13. Zhang, Y.; Tan, Y.W.; Stormer, H.L.; Kim, P. Experimental Observation of Quantum Hall 
Effect and Berry’s Phase in Graphene. Nature 2005, 438, 201–204. 
14. Lundeberg, M.B.; Folk, J.A. Spin-Resolved Quantum Interference in Graphene. Nat. 
Phys. 2009, 5, 894–897. 
15. Miao, F.; Wijeratne, S.; Zhang, Y.; Coskun, U.C.; Bao, W.; Lau, C.N. Phase-Coherent 
Transport in Graphene Quantum Billiards, Science 2007, 317, 1530–1533. 
16. Heersche, H.B.; Jarillo-Herrero, P.; Oostinga, J.B.; Vandersypen, L.M.K.; Morpurgo, 
A.F. Bipolar Supercurrent in Graphene. Nature 2007, 446, 56–59. 
17. Chen, J.H.; Jang, C.; Xiao, S.; Ishigami, M.; Fuhrer, M.S. Intrinsic and Extrinsic 
Performance Limits of Graphene Devices on SiO2. Nat. Nano 2008, 3, 206–209. 
18. Xia, F.; Mueller, T.; Lin, Y.; Valdes-Garcia, A.; Avouris, P. Ultrafast graphene 
Photodetector. Nat. Nano. 2009, 4, 839–843. 
19. Gan, X.; Shiue, R.; Gao, Y.; Meric, I.; Heinz, T.; Shepard, K.; Hone, J.; Assefa, S.; 
Englund, D. Chip-integrated ultrafast graphene photodetector with high responsivity. 
Nat. Photonics 2013, 7, 883–887. 
20. Wang, I.; Cheng, Z.; Chen, Z.; Wan, X.; Zhu, B.; Tsang, H.; Shu, C.; Xua, J. 
High-responsivity graphene-on-silicon slot waveguide photodetectors. Nanoscale 2016, 
21, 13206–13211. 
21. Wang, J.; Chenga, Z.; Chen, Z.; Xu, J.; Tsang, H.; Shu, C. Graphene photodetector 
integrated on silicon nitride waveguide. J. Appl. Phys. 2015, 117, 144504–1-5. 
22. Mueller, T.; Xia, F.; Avouris, P. Graphene photodetectors for high-speed optical 
communications. Nat. Photonics 2010, 4, 297–301. 
23. Yan, J.; Kim, M.; Elle, J.; Sushkov, A.; Jenkins, G.; Milchberg, H.; Fuhrer, M.; Drew, H. 
Dual-gated bilayer graphene hot-electron bolometer. Nat. Nano 2012, 7, 472–478. 
24. Han, Q.; Gao, T.; Zhang, R.; Chen, Y.; Chen, J.; Liu, G.; Zhang, Y.; Liu, Z.; Wu, X.; Yu, 
D. Highly sensitive hot electron bolometer based on disordered graphene. Sci. Rep. 
2013, 3, 3533. 
25. Song, J.; Reizer, M.; Levitov, L. Disorder-Assisted Electron-Phonon Scattering and 
Cooling Pathways in Graphene. Phys. Rev. Lett. 2012, 109, 106602. 
26. Singh, D.P.; Soin, N.; Sharma, S.; Basak, S.; Sachdeva, S.; Roy, S.S.; Zanderbergen, 
H.W.; McLaughlin, J.A.; Huijben, M.; Wagemaker, M. 3-D vertically aligned few layer 
graphene–partially reduced graphene oxide/sulfur electrodes for high performance 
lithium–sulfur batteries. Sustain. Energy Fuels 2017, 1, 1516–1523. 
27. Soin, N.; Ray, S.C.; Sarma, S.; Mazumder, D.; Sharma, S.; Wang, Y.F.; Pong, W.F.; 
Roy, S.S.; Strydom, A.M. Tuning the electronic and magnetic properties of 
nitrogen-functionalized few-layered graphene nanoflakes. J. Phys. Chem. C 2017, 121, 
14073–14082. 
28. Soin, N.; Roy, S.S.; Mitra, S.K.; Thundat, T.; McLaughlin, J.A. Nanocrystalline 
ruthenium oxide dispersed Few Layered Graphene (FLG) nanoflakes as supercapacitor 
electrodes. J. Mater. Chem. 2012, 22, 14944–14950. 
 29. Soin, N.; Sinha Roy, S.; Roy, S.; Hazra, K.S.; Misra, D.S.; Lim, T.H.; Hetherington, C.J.; 
McLaughlin, J.A.; Enhanced and stable field emission from in situ nitrogen-doped 
few-layered graphene nanoflakes. J. Phys. Chem. C 2011, 115, 5366–5372. 
30. Soin, N.; Roy, S.S.; O’Kane, C.; McLaughlin, J.A.; Lim, T.H.; Hetherington, C.J. 
Exploring the fundamental effects of deposition time on the microstructure of graphene 
nanoflakes by Raman scattering and X-ray diffraction. CrystEngComm 2011, 13, 
312–318. 
31. Malesevic, A.; Vitchev, R.; Schouteden, K.; Volodin, A.; Zhang, L.; Van Tendeloo, G.; 
Vanhulsel, A.; Van Haesendonck, C. Synthesis of few-layer graphene via microwave 
plasma-enhanced chemical vapour deposition. Nanotechnology 2008, 19, 305604. 
32. Kurra, N.; Bhadram, V.S.; Narayana, C.; Kulkarni, G.U. Few layer graphene to graphitic 
films: Infrared photoconductive versus bolometric response. Nanoscale 2013, 5, 
381–389. 
33. Xu, W.; Peeters, F.M.; Lu, T.C. Dependence of Resistivity on Electron Density and 
Temperature in Graphene. Phy. Rev. B 2009, 79, 073403. 
34. Bolotin, K.I.; Sikes, K.J.; Hone, J.; Stormer, H.L.; Kim, P. Temperature-Dependent 
Transport in Suspended Graphene. Phy. Rev. Lett. 2008, 101, 096802. 
 
 
